Leaves with Kranz anatomy exhibit a highly characteristic arrangement of closely spaced veins surrounded by concentric wreaths of bundle sheath and mesophyll cells. This anatomical framework is vital for effective C 4 photosynthesis in nearly all known land plant lineages and has evolved independently on over 60 occasions. Over the last 3 years, technological advances, particularly in high-throughput DNA sequencing, have allowed the development of Kranz anatomy to be interrogated at unprecedented depth. This review highlights the recent advances in our understanding that have been facilitated by systems biology approaches, and proposes a testable model for the regulation of Kranz development.
Introduction
The C 4 photosynthetic cycle acts to concentrate CO 2 around the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in order to enhance the entry of carbon into the C 3 (Calvin-Benson) cycle. This concentrating mechanism suppresses the competing oxygenation reaction of Rubisco and therefore reduces the need for photorespiration (reviewed by Langdale, 2011) . By doing so, C 4 photosynthesis can lead to increased radiation, water and nitrogen use efficiencies relative to C 3 plants (Zhu et al., 2008; Ghannoum et al., 2011) . As a consequence, there are currently large-scale international efforts to introduce the C 4 pathway into rice and other C 3 crop species (Hibberd et al., 2008; von Caemmerer et al., 2012) . Partly because of these C 4 -engineering projects, interest in the field of C 4 research has been reignited after a fallow period (Langdale, 2011) , and multiple components of C 4 biology have been extensively reviewed recently (e.g. Hibberd and Covshoff, 2010; Raghavendra and Sage, 2011; Wang et al., 2011; Sage et al., 2012) .
Although a small number of flowering plant lineages exhibit single-celled C 4 photosynthesis (Bowes, 2011; Edwards and Voznesenskaya, 2011) , in the vast majority of lineages the C 4 photosynthetic pathway is split between two cell types: photosynthetic carbon assimilation, which takes place in mesophyll (M) cells, and photosynthetic carbon reduction, which takes place in bundle sheath (BS) cells, with C 4 cycle intermediates shuttled between the two cell types. For the C 4 pathway to work effectively, therefore, there must be a close physical association between M and BS cells, an association that is dependent on an increased BS:M ratio compared with C 3 plants. As such, almost all C 4 plants exhibit a characteristic leaf anatomy known as Kranz, whereby concentric wreaths of M and BS cells surround closely spaced veins (Kranz is German for wreath) (Brown, 1975) . Kranz anatomy, which was first described in 1882 (Haberlandt, 1882) , maximises the number of M cells that are in contact with BS cells and enhances C 4 capacity.
Understanding how the development of Kranz anatomy is regulated is essential for the introduction of C 4 photosynthesis into C 3 crop species (Hibberd et al., 2008; von Caemmerer et al., 2012) . However, despite the fact that Kranz anatomy has evolved over 60 times independently (Sage et al., 2011a) , conventional approaches to gene identification have elucidated few genetic regulators (Langdale, 2011) . Indeed, until the recent discovery that scarecrow (scr) functions in Kranz patterning in maize (Slewinski et al., 2012) , genes with characterized roles in Kranz development were limited to regulators of chloroplast development (Hall et al., 1998; Rossini et al., 2001) . Experimental, technological, and computational advances, however, have ushered in an age of 'big data'. Through the characterization of entire networks, rather than individual components, systems approaches have enabled unparalleled insights into biological processes and have revealed emergent properties of biological networks . This review will therefore give a brief introduction into Kranz development and then discuss the insights that systems biology approaches have provided into Kranz patterning. Finally, data from two systems analyses will be combined to propose a genetic model of Kranz development.
Variations in Kranz form
Variations in Kranz form exist, presumably as a consequence of the distinct evolutionary origins in different phylogenetic and leaf contexts. This has been recognized for some time (Brown, 1975) and has been extensively reviewed recently . In brief, according to Edwards and Voznesenskaya (2011) , the key variable traits in Kranz form are: (i) the number of BS layers; (ii) the presence or absence of a mestome sheath, which is a sclerenchymatous cell layer that lacks chloroplasts and encircles vascular tissue (Esau, 1965) ; (iii) the position of the mestome sheath relative to the BS layer(s); (iv) the presence or absence of suberin lamellae in BS cell walls (in grasses); (v) the position of BS chloroplasts (and mitochondria); and (vi) the differentiation state of BS and M chloroplasts.
Maize, a long-standing grass C 4 model, exhibits a relatively simple Kranz form in that it possesses a single BS layer and no mestome sheath. BS cell walls are suberized, and agranal BS chloroplasts are distributed centrifugally. This simplicity (particularly in terms of vascular sheath number), in addition to well-developed genetic resources, makes maize an attractive model for understanding the biology of C 4 development. Notable diversions from the maize form include grass and sedge lineages (e.g. Aristida and Eleocharis) that exhibit an inner Kranz BS cell layer separated from M cells by an additional parenchymatous BS layer (and possibly a mestome sheath) . It is possible that the intermediate cell layers limit CO 2 loss following decarboxylation or function in the refixation of photorespired CO 2 (Voznesenskaya et al., 2005) . Other C 4 species in the grass genera Arundinella, Arthraxon, and Microstegium exhibit files of BS-like distinctive cells (DC) that occupy the position of minor veins (Crookston and Moss, 1973; Ueno, 1995) . Despite not being associated with vascular tissue, DCs function as BS cells and act as sites of photosynthetic carbon reduction (Dengler and Dengler, 1990; Dengler et al., 1990; Wakayama et al., 2002; Wakayama et al., 2003) . In terms of vascular arrangement, in most cases, including all C 4 grasses, the concentric layers of Kranz tissue are arranged around closely spaced individual veins. In some eudicot lineages such as the Suaedeae (Chenopodiaceae), however, the concentric rings encircle all of the vascular tissue of the leaf (Kadereit et al., 2003; Schutze et al., 2003) .
Genetic and histological analyses of BS cell layer and DC differentiation have provided insights into the regulation of C 4 development. Depending on the developmental stage and vein type analysed, histological studies have interpreted BS cells as derived from either procambial or ground meristem cells, and have suggested that BS and M cells may share a clonal origin or arise from distinct cell lineages (Esau, 1943; Dengler et al., 1985; Bosabalidis et al., 1994; Nelson and Dengler, 1992) . Given that procambial cells are derived from ground meristem tissue, these differences in interpretation are probably due to the developmental stage at which analyses were carried out. Importantly, a clonal analysis of spontaneous sectors in maize leaves demonstrated that the earliest stages of BS-and M-cell specification are determined by positional rather than lineage effects (Langdale et al., 1989) . Later in development, BS-and M-cell differentiation is cell autonomous, as evidenced by work on the tangled mutant of maize, in which ectopic BS cells extend into the mesophyll (Jankovsky et al., 2001) .
Kranz pre-conditioning
Recent work linking anatomy and phylogeny in the grasses has provided new insights into a pre-conditioning event that may have facilitated the repeated evolution of Kranz in certain grass lineages (Christin et al., 2013; Griffiths et al., 2013) . Anatomical pre-conditioning towards Kranz, i.e. a shift in inter-vein distance, BS cell size, and BS organelle composition, has long been proposed as a key precursor to C 4 evolution (Sage, 2001; McKown and Dengler, 2007; Sage et al., 2012) . In the grasses there have been at least 17 independent origins of C 4 (Christin et al., 2008) , all of which have occurred within the PACMAD clade (Fig. 1) . This observation suggests that a pre-conditioning event may have taken place following the split of the PACMAD lineage from the rest of the grasses. In the eudicots, close vein spacing has been described in C 3 plants that are closely related to C 4 lineages in a number of genera [Mollugo (Christin et al., 2011) , Cleome (Marshall et al., 2007; Voznesenskaya et al., 2007) , Flaveria (McKown and Dengler, 2007) , Heliotropium (Muhaidat et al., 2011) , and Euphorbia (Sage et al., 2011b) ], implying that close vein spacing is an important pre-condition in multiple phylogenetic contexts. Increased vein density has been suggested to confer a wide variety of benefits to plants (Sack and Scoffoni, 2013) , particularly in hot and arid conditions , and therefore possibly represents an evolutionarily advantageous intermediary stage during C 4 evolution.
By measuring leaf anatomical traits for 157 grass species, including a wide variety of C 4 and C 3 species, Christin et al. (2013) showed that the repeated evolution of C 4 within the PACMAD clade is a likely consequence of an anatomical preadaptation related to reduced inter-BS-cell distance (BSD). BSD is determined both by the distance between BS cells and by BS cell size. A decrease in BSD was originally found to predate the split between the PACMAD and BEP (which does not feature any C 4 species) clades; however, a subsequent reduction in BS cell size was found to occur within the BEP clade. The larger BS cell size that was maintained within the PACMAD clade presumably facilitated the evolution of C 4 when global CO 2 levels decreased following the PACMAD/ BEP split (Christin et al., 2013) . Within the PACMAD clade, the occurrence of C 4 lineages was found to be associated with a proliferation of BS cell area above a certain threshold. Thus, the percentage of leaf area occupied by BS cells is likely to be a key determinant in C 4 evolution.
Defining the Kranz-ome: systems biology and Kranz development Systems approaches including transcriptomics, proteomics, interactomics, epigenomics, and metabolomics are widely used in plants ( Moreno-Risueno et al., 2010; Bassel et al., 2012) and have been integrated, for example, to define coexpression networks and functional linkage for genes in Arabidopsis and rice (Lee et al., 2011) . In both cases, characterization of candidate genes identified by co-expression networks revealed expected functions. Systems biology therefore may be particularly useful in helping to identify the regulators of Kranz development, given that conventional means of gene identification have yielded minimal insight (Langdale, 2011) . The limited results of forward genetic screens, and the complexity of Kranz development, suggest that a number of genes are involved in the regulation of Kranz development and that there is unlikely to be a Kranz 'master switch' (Westhoff and Gowik, 2010) .
The insights that systems approaches provide into the coexpression of genes, and therefore putative gene regulatory networks (Usadel et al., 2009) , could thus provide the necessary breakthroughs in our understanding of Kranz development.
Recently, a number of systems-based analyses have been carried out to identify components of C 4 regulatory networks. Many of these have relevance to the regulation of Kranz development (Table 1) . These and previous advances will be discussed in the context of three general stages of Kranz development: (i) initiation of procambium; (ii) BSand M-cell specification; and (iii) integration of the C 4 cycle. Insights that systems approaches have provided into the evolution of C 4 will also be detailed. In addition to the studies shown in Table 1 , other particularly notable systems studies of C 4 species have revealed enrichment of proteins in C 4 compared with C 3 M-cell chloroplast envelopes (Brautigam et al., 2008) , gene co-expression modules in different maize tissues (Downs et al., 2013) , genome-wide transcription changes during maize meristem maturation and between meristem types (Takacs et al., 2012) , and the transcript and protein content of photosynthetic cells in a single-celled C 4 species (Park et al., 2010) .
Procambium initiation
Procambium initiation refers to the induction of vein-forming procambial initials from ground meristem cells. As procambium formation precedes the specification of BS and M cells, it can be thought of as the first stage of Kranz development. Leaf vasculature can be subdivided into hierarchical orders defined by the order of vein formation, i.e. lower-order veins are first to form. In both monocots and eudicots, the midvein forms first and extends acropetally (from base to tip) into the leaf primordia (Nelson and Dengler, 1997) . In most cases, midvein formation is followed by the acropetal extension of independent lateral veins (monocots) and secondary vein formation from the primary vein (eudicots). Higher-order veins extend basipetally from the leaf tip (monocots) or in a basipetal reticulate wave (eudicots). As the increased vein density observed in both C 4 monocots and eudicots has been shown to be a consequence of increases in higher-order vein numbers (Ueno et al., 2006; McKown and Dengler, 2009 ), higher rates of procambial initiation following midvein and secondorder vein development are key to Kranz development. In both C 3 and C 4 monocots, higher-order vein formation continues following leaf emergence; however, this process persists for a longer duration in a C 4 (Setaria viridis) compared with a C 3 (rice) species (J. Fouracre and J. Langdale, unpublished data). Searches for genetic regulators of higher-order vein formation through mutagenesis screens have revealed very little, with the only mutant thus far identified (in the C 4 grass Panicum maximum) having been subsequently lost (Fladung, 1994) . The addition of individual maize chromosomes to the C 3 species oat led to an increase in vein density, but the underlying genetic cause is unknown (Tolley et al., 2012) . Among other Kranz patterning defects, perturbations to minor vein development have been reported in a maize scr loss-of-function mutant (Slewinski et al., 2012) , although the relatively subtle vascular patterning defects and phenotypic variability suggest that other genes play key roles in vascular development in maize. As such, alternative methods of candidate identification may be necessary to determine the genetic regulators of procambial initiation. Procambial initiation for all vein orders follows patterns of auxin distribution. Application of auxin to leaf primordia is known to induce vein formation (Sachs, 1989; Scarpella et al., 2006) , and perturbations to auxin transport have been shown to lead to vascular patterning defects (Mattsson et al., 1999; Sieburth, 1999) . At the molecular level, Arabidopsis procambial cell specification follows the expression domains of the auxin exporter PIN-FORMED1 (PIN) and the auxin response transcription factor MONOPTEROS (MP) (Hardtke and Berleth, 1998; Scarpella et al., 2006; Sawchuk et al., 2007; Wenzel et al., 2007) . Following procambial induction, procambial cell fate is stabilized by the expression of ARABIDOPSIS THALIANA HOMEOBOX8 (ATHB8) (Kang and Dengler, 2004; Scarpella et al., 2004) . ATHB8 expression is directly regulated by MP (Donner et al., 2009) and marks an irreversible progression towards procambial cell fate and subsequent vein formation (Kang and Dengler, 2004; Scarpella et al., 2004 Scarpella et al., , 2006 Sawchuk et al., 2007; Donner et al., 2009) . In addition to ATHB8, the expression domains of the GRAS transcription factor SHORT-ROOT (SHR) and DNA BINDING WITH ONE ZINC FINGER (DOF) genes have also been shown to predict patterns of procambial initiation in Arabidopsis (Gardiner et al., 2010 (Gardiner et al., , 2011 .
A transcriptome analysis of germinating maize seed, which included leaf primordia undergoing Kranz differentiation, suggested a time point at which vascular differentiation occurs. This suggestion was based on the expression of maize orthologues of MP and other Arabidopsis genes involved in vascular patterning (Liu et al., 2013) . However, embryonic leaves at different stages of development were pooled in this analysis, making it difficult to determine the relative contribution of distinct leaf developmental states to the identified transcriptomic signatures. A recent study by Wang et al. (2013b) overcame this problem by describing the transcriptome changes that occur during primordia development in maize, both prior to and concomitant with vascular initiation. Importantly, the study compared leaves that do (foliar blade) and do not (husk sheath) develop Kranz anatomy. Supervised classification of gene expression based on expression patterns pre-and post-vascular development, in foliar and husk leaves, allowed the identification of 283 putative positive regulators and 142 putative negative regulators of Kranz-type vascular patterning (Wang et al., 2013b) .
Three pieces of information suggest that it is more likely that Kranz anatomy develops through positive regulation. First, Kranz anatomy is known to have evolved independently on over 60 occasions in a wide variety of angiosperms (Sage et al., 2011a) . Despite the remarkable extent of convergent evolution, it is more parsimonious for Kranz anatomy to have evolved ~60 times from a C 3 state than for Kranz to be the default and for negative regulation to have evolved in the ~97% of angiosperms that are not C 4 . Although it is possible that Kranz anatomy is the default angiosperm state and that negative regulation evolved at the base of the angiosperms, only to be lost on ~60 occasions, the additional evolutionary step that this hypothesis requires also makes it a less parsimonious solution. Secondly, given that C 4 plants develop leaf-like organs without Kranz anatomy, it is most likely that Kranz anatomy evolved by superimposing a positive regulatory process on a default non-Kranz background. Thirdly, components of the C 4 pathway are known to be derived, and to require a variety of signals for appropriate induction (Sheen and Bogorad, 1985; Langdale et al., 1988a, b) . Taken together, these observations support a positive regulatory mechanism of Kranz induction.
BS-and M-cell specification
As with procambial specification, mutagenesis screens have revealed little about BS-and M-cell specification, with insights limited to chloroplast development in specific cell types. Two mutations in maize, bundle sheath defective2 (bsd2) and high chlorophyll fluorescence136 (hcf136), revealed the role of a chaperone protein (BSD2) in Rubisco stabilization in BS cells (Brutnell et al., 1999) and a thylakoid-localized protein (HCF136) in the stabilization of photosystem II in M cells (Covshoff et al., 2008) . A third mutation identified the golden2 (g2) gene, which encodes a transcription factor that specifically regulates BS-cell chloroplast formation in maize. Intriguingly, transcripts of the paralogue golden2-like 1 (glk1) accumulate in M cells, where glk1 is proposed to have a role in M-cell chloroplast regulation (Hall et al., 1998; Rossini et al., 2001 ). In C 3 species, GLK gene pairs have been shown to function redundantly in photosynthetic development in all M cells (Rossini et al., 2001; Fitter et al., 2002; Yasumura et al., 2005) . Compartmentalization of GLK gene expression may therefore be an important determinant of C 4 evolution (Wang et al., 2013a) . In addition to identifying candidate regulators of vascular patterning, the analysis of maize primordia transcriptomes has highlighted potential regulators of BS-and M-cell specification (Wang et al., 2013b) . Anatomical analyses of the leaf primordia samples used showed that BS and M cells start to visibly differentiate from plastochrons (P) 3 and 4 onwards. Candidate gene selection was thus based on expression profiles in P1-P5 primordia. As maize leaves exhibit a developmental gradient from tip (most mature, photosynthetic source) to base (least mature, photosynthetic sink), systems analyses of different stages along this gradient have also provided insights into BS-and M-cell specification (Nelson, 2011) . Anatomical analyses have revealed that rudimentary Kranz anatomy has already formed at the base of the third leaf of 9-d-old maize seedlings; however, at this stage BS and M cells remain relatively small and undifferentiated . Therefore, it is likely that genes involved in BS-and M-cell elaboration will be active in this region. Transcriptomes (Li et al., 2010) and proteomes sampled along this gradient therefore reveal important components of BS-and M-cell elaboration, particularly in terms of cellwall deposition and plastid biogenesis/maturation. Notably, the appearance of g2 transcripts and proteins after plastid biogenesis has ceased suggests that chloroplast specialization is subsequent to biogenesis (Li et al., 2010; Majeran et al., 2010) .
The isolation of BS-specific proteins from distinct stages along the leaf gradient provides an additional layer of information about cell-specific processes during BS differentiation . In particular, proteins involved in chloroplast biogenesis were found to be both under-and over-represented in BS samples, suggesting cell-specific pathways of plastid formation. BS-and M-cell transcriptomes for cells isolated from the tip of the leaf gradient (Li et al., 2010) and from the middle of an expanded second leaf on a 9-d-old plant (Chang et al., 2012) have also been described.
C 4 cycle integration
The C 4 pathway is known to be dependent of both environmental and developmental signals. In maize and the eudicot amaranth, light and/or developmental cues are required to limit Rubisco accumulation to BS cells (Langdale et al., 1988b; Wang et al., 1993) . Observations in maize led to the proposal that cells respond to a C 4 -inducing signal that emanates from veins, and that cells need to be within a two-cell radius of vascular tissue for enzymes of the C 4 pathway to accumulate correctly (Langdale and Nelson, 1991) . Such a signal is yet to be identified, and few trans-factors are known to induce cell-specific gene expression. A notable example is the maize DOF1 protein, which regulates cell-specific expression of the C 4 ppc isoform (Yanagisawa and Sheen, 1998) ; however, it has also been shown to act more generally in the transcriptional regulation of a wide range of genes (Yanagisawa, 2000) .
To date, systems approaches have been particularly useful for identifying unknown C 4 pathway components. For example, transcriptomic and proteomic data from BS-and M-cell chloroplast membranes have both identified putative novel chloroplast transporters Chang et al., 2012) . Similarly, comparisons of mature leaf transcriptomes from C 4 and C 3 Cleome and Flaveria (Gowik et al., 2011) species both identified a sodium symporter that is upregulated in C 4 species. This has subsequently been shown to be important for pyruvate transport in the C 4 pathway (Furumoto et al., 2011) , highlighting the power of transcriptomic analyses for candidate gene identification. In the same way, systems analyses could thus identify regulators of the C 4 pathway. C 4 pathway integration has been shown to require, and be subsequent to, Kranz formation in maize leaf primordia (Wang et al., 2013b) . Transcriptomic (Li et al., 2010; Pick et al., 2011) , proteomic , and metabolomics analyses (Pick et al., 2011 ) along a maize leaf developmental gradient have all shown that the C 4 pathway does not function at the base of the leaves used for analysis, and that the pathway is initiated distally along the lamina following differentiation of Kranz tissue. The appearance of transcripts and proteins of genes that function in the C 4 pathway at similar points along the leaf Pick et al., 2011) suggests that co-expression analyses will reveal novel pathway regulators.
C 4 evolution
In terms of the evolutionary changes required for C 4 development, 603 transcripts were found to be differentially expressed between C 3 and C 4 species in Cleome , while an upper limit of 3582 changes in gene expression has been proposed for the evolution of C 4 in Flaveria (Gowik et al., 2011) . A total of 1213 expression changes were shown to be shared between two C 4 and a C 3 -C 4 intermediate Flaveria species but were not shared with two C 3 species, although a greater number of expression changes were found to be C 4 species specific (Gowik et al., 2011) . This suggests a gradual trajectory of C 4 evolution, which is consistent with the continuous pattern of transcriptome changes associated with the induction of a fully functional C 4 cycle observed along a maize leaf gradient (Pick et al., 2011) . In silico modelling of C 4 evolution, validated by biochemical data from Flaveria, Moricandia, and Panicum species, has suggested that intermediate steps in C 4 photosynthesis, as typified by Flaveria C 3 -C 4 intermediates, are adaptive in their own right (Heckmann et al., 2013) . This would imply that C 3 -C 4 intermediates are true intermediates and are not on distinct evolutionary trajectories. This study integrated a previous genome-wide model of C 4 grass metabolism that for the first time allows predictions to be made about changes in metabolic flux between BS and M cells (de Oliveira Dal'Molin et al., 2010) . As systems-guided experiments provide more data on the regulation of the C 4 pathway in different contexts, models such as this will be invaluable in interpreting the results at the level of leaf metabolism.
The SHORT-ROOT pathway
Over 20 years ago, a model was proposed suggesting C 4 BSand M-cell-type specification is regulated by an inducing signal that emanates from veins (Langdale and Nelson, 1991) . This model proposed that, through interaction with BS-and M-cell-specific factors, high levels of the signal induced BS-type C 4 development and reduced levels induced M-type C 4 development. Since the proposal of the model, no C 4 -inducing signal has been identified.
A system where a developmental signal originates in the vasculature and migrates outwards to specify cell types is known to operate in angiosperm roots. In Arabidopsis, the GRAS family gene SHR is transcribed and translated in the root stele and the protein then migrates to adjacent endodermal tissue, where it is bound by an additional GRAS family member, SCR. SCR sequesters SHR in the nuclei of the endodermal cells, preventing further outwards migration of SHR to the next cell layer (the cortex). The SHR/SCR complex also upregulates SCR expression in the endodermis, reinforcing the cycle Nakajima et al., 2001; Heidstra et al., 2004; Cui et al., 2007) . Loss-of-function shr and scr mutants display a reduced number of cell layers in the root (Benfey et al., 1993; Scheres et al., 1995; Di Laurenzio et al., 1996; Helariutta et al., 2000) , whereas ectopic SHR expression in the root leads to supernumerary cell layers with endodermal identity (Nakajima et al., 2001 ). These observations suggest that SHR is necessary for both asymmetric cell division in endodermal/cortical initial cells and for endodermal specification in the root. During root development, the effects of SHR on cell division have been shown to be dose dependent (Koizumi et al., 2012) . A role in the regulation of vascular patterning has also been shown through autonomous stele activity (Levesque et al., 2006) and through regulation of a non-cell autonomous microRNA pathway in the endodermis (Carlsbecker et al., 2010) . The SHR/SCR regulatory network is also comprised of indeterminate 1 (id1)-like (Colasanti et al., 1998) genes such as MAGPIE (MGP), NUTCRACKER (NUT), and JACKDAW (JKD). MGP and NUT have been identified as direct targets of SHR and SCR (Levesque et al., 2006; Cui et al., 2007) , whereas JKD is required for the correct regulation of SCR expression (Welch et al., 2007) . A schematic of the roles of SHR, SCR, and JKD in radial patterning of the root is shown in Fig. 2 .
The first suggestion that the SHR/SCR regulatory module may also regulate development in the above-ground organs of plants came from the observation that Arabidopsis shr and scr mutants lack the starch sheath that surrounds the stem (Fukaki et al., 1998) . A role in leaf development was subsequently invoked by the observation that SCR is expressed in Arabidopsis BS cells, and that the petioles of scr cotyledons lack a layer of ground tissue (WysockaDiller et al., 2000) . SHR was also shown to be expressed in a pattern that predicts future vein formation in Arabidopsis leaves (Gardiner et al., 2011) , and the maize SCR orthologue Zmscr was shown to be expressed in leaf vasculature (Lim et al., 2005) . Notably, it has been suggested that the root endodermis, the starch sheath, and the leaf BS-cell layer are equivalent (Esau, 1965; Nelson, 2011; Slewinski, 2013) , and, as such, the SHR/SCR regulatory module may function in the developmental patterning of all three tissues (Slewinski, 2013) . The observation that Zmscr mutants exhibit perturbed Kranz patterning (Slewinski et al., 2012) , and that Zmscr and two maize SHR orthologues (Zmshr1 and Zmshr2) are significantly upregulated during Kranz initiation in foliar leaves (Wang et al., 2013b) , further suggest that the SHR/SCR network functions in C 4 development. Considering that elements of C 4 metabolism have been shown to operate in the starch sheath of C 3 species (Hibberd and Quick, 2002) , a common regulatory module that could explain development in the root, the starch sheath, and the BS layer has intriguing consequences for the evolution of C 4 photosynthesis.
Short roots and leaf wreaths: a radial patterning model for Kranz development
In the context of the proposed role of the SHR/SCR pathway in Kranz patterning, transcriptomic studies have revealed candidate regulators of the three stages of Kranz patterning in maize: procambium initiation, BS-and M-cell specification, and, to a lesser extent, C 4 cycle integration (Table 2; Li et al., 2010; Wang et al., 2013b) .
Kranz model: initiation of procambium
The seven genes shown in Table 2A were identified on the basis of transcriptome analysis of maize foliar and husk leaves (Wang et al., 2013b) . These genes were identified both by expression profiling limited to leaf primordia and by supervised classification of gene expression that integrated data from additional older leaf samples. The identification of these genes by both methods strongly suggests that they have roles in the initiation of Kranz-type close vein spacing observed in maize foliar leaf blades. Further support for the function of these genes in vascular patterning comes from functional data on Arabidopsis orthologues. The basic helix-loop-helix gene is closely related to SPEECHLESS (SPCH) and is annotated here as Zmspch-like 1 (Zmspchl1). SPCH is known to regulate the spacing of stomata in the Arabidopsis epidermis (Lampard et al., 2008) and it is possible that it has been co-opted into a procambial spacing role in the maize leaf. Alternatively, it could act to integrate stomatal spacing patterns with underlying patterns of vein spacing. A maize orthologue of DEFECTIVELY ORGANISED TRIBUTARIES 5 (DOT5) is also present in this group, annotated here as Zmdot1. In Arabidopsis, dot5 loss-of-function mutants display perturbed vascular patterning in cotyledons (Petricka et al., 2008) . The KANADI gene in Table 2A is closely related to the Arabidopsis gene ABERRANT TESTA SHAPE (ATS)/KANADI 4 (Eshed et al., 2001; McAbee et al., 2006) and is annotated as Zmats-like 1 (Zmatl1). In Arabidopsis, ATS/KAN4 contributes to PIN1 localization (Izhaki and Bowman, 2007) , which is necessary for the polarized flow of auxin. As auxin flow precedes vascular differentiation , the presence of Zmatl1 is thus intriguing.
The presence of two orthologues of SHR (annotated as Zmshr1 and Zmshr2) is consistent with a proposed role for Table 2 . Genes proposed to function in a SHR-based model for the regulation Kranz development the SHR/SCR regulatory network in regulating Kranz development (Slewinski et al., 2012; Slewinski, 2013; Wang et al., 2013b) and the observation that SHR expression identifies a switch to preprocambial cell fate in Arabidopsis (Gardiner et al., 2011) . Two further genes identified in this cohort are closely related to maize MYB-related protein 1-interactor 1 (Zmmrpi1), which was isolated on the basis of its interaction with the endosperm transfer-cell-localized protein ZmMRP (Royo et al., 2009 ). These two genes have been annotated here as Zmmrpl1-like 1 and 2 (Zmmil1 and Zmmil2). Support for the role of Zmmil1 and Zmmil2 in vascular patterning is less clear; however, the presence of a protein-interacting domain in both proteins that is shared with targets of SHR in Arabidopsis (Levesque et al., 2006; Cui et al., 2011) suggests that both proteins may function downstream of SHR in vascular patterning. Except for increased inter-vein distance, husk leaf veins are indistinguishable from foliar veins both during early development (Wang et al., 2013b) and in fully differentiated leaves (Pengelly et al., 2011) . As such it is expected that putative regulators of procambium initiation are expressed in both foliar and husk primordia. Zmshr1, Zmshr2, Zmspchl1, Zmdot1, Zmmil1, and Zmmil2 are all expressed in both foliar and husk primordia but at much lower levels in husk primordia (Table 2A ). The enrichment in foliar leaves is even more dramatic for Zmatl1. This suggests that increased vein density in foliar leaves is a consequence of a relative increase in transcript accumulation in foliar leaves compared with husk leaves, rather than the presence or absence of specific regulators. This is consistent with the view that the repeated evolution of C 4 has been facilitated by the co-option of networks that already exist in C 3 plants (Hibberd and Quick, 2002; Sage, 2004) , and the observation that vascular formation occurs at a higher rate in C 4 species compared with C 3 (McKown and Dengler, 2009) . As these genes are all expressed in foliar primordia prior to visible vascular differentiation (Wang et al., 2013b) , the correlation between increased transcript accumulation and high vein density implies a regulatory function for these genes, rather than gene expression being a consequence of vein formation.
Kranz model: specification of BS-and M-cell types
In the Arabidopsis root, SHR is expressed within the stele , while SCR is expressed in the surrounding endodermal layer (Di Laurenzio et al., 1996) . Likewise, in the Arabidopsis shoot, expression of SCR is limited to a single cell layer around the vasculature: the starch sheath of the stem and the BS of leaves . Although the root endodermis and BS have been proposed to be equivalent tissues (Esau, 1965; Nelson, 2011; Slewinski, 2013) , the expression domains of SHR and SCR orthologues in maize leaves encompass an additional cell layer (Table 2 ; Li et al., 2010) . Zmshr1 is expressed in the BS, while Zmscr1 is expressed preferentially in BS cells but also in M cells. The mechanism for this remains unclear; however, it is possible that expression of Zmshr1 in the BS leads to excess quantities of protein that SCR is unable to sequester (Fig. 3A) . Given the identification of both Zmshr1 and Zmscr1 and a number of known SHR targets (Levesque et al., 2006; Cui et al., 2011) by expression filters designed to identify Kranz regulators (Wang et al., 2013b) , and the known role of SHR in cell-layer specification in Arabidopsis, the extension of the Zmshr1 and Zmscr1 expression domains into BS and M cells may be crucial for C 4 cell-type specification. In this regard, it is interesting to note that the rice orthologue of Zmscr1 is not expressed in the leaf vasculature or surrounding cells but is instead expressed in the epidermis and has a proposed role in stomatal patterning (Kamiya et al., 2003) .
If ZmSHR1 protein accumulates in both BS-and M-cell types as proposed, it is unlikely that there will be equivalent protein levels in both cell types due to additional protein migration into the BS from the vascular tissue (Fig. 3A) . Considering that SHR has been shown to affect radial patterning in a dose-dependent manner in the Arabidopsis root (Koizumi et al., 2012) , it is possible that BS-and M-cell specification could be a direct consequence of cellular SHR content, and that SHR is the diffusible Kranz specification factor originally proposed over 20 years ago (Langdale and Nelson, 1991) . As proposed in this model, however, additional specification factors must be present for the two cell types to fully differentiate. In the Arabidopsis root, transcript accumulation of the id1-like genes JKD and MGP is strongly reduced in loss-of-function shr mutants, while SHR is known to interact physically with both JKD and MGP (Welch et al., 2007) . Loss of jkd function in Arabidopsis leads to a supernumerary ground tissue cell layer; however, this phenotype is largely complemented by loss of mgp function (Welch et al., 2007) . This suggests that id1-like genes are key components of the SHR root radial patterning network and that, within this network, id1-like genes exhibit divergent functions. Two id1-like genes were identified by transcriptomic analysis of maize leaf primordia (Wang et al., 2013b) , one of which is enriched in BS cells [annotated as Zmraven1 (Zmrvn1)], whereas the other is enriched in M cells (annotated as Zmjay1) (Table 2B ; Li et al., 2010) . It is thus tempting to speculate that BS-and M-cell identities are determined by the cell-specific accumulation of id1-like transcripts, which contribute to divergent SHR regulatory networks in the two cell types.
Although SHR-mediated patterning networks could be key to the regulation of Kranz development, both in the early initiation of higher-order veins and in the later specification of BS-and M-cell types, they are unlikely to function exclusively. This is supported by the observation that two DOF AFFECTING GERMINATION (DAG)-like genes [annotated here as Zmdag-like 1 (Zmdlk1) and Zmdlk2] were found to be expressed during differentiation of Kranz tissue (Wang et al 2013b) and transcripts are highly enriched in BS cells (Table 2B ; Li et al., 2010) . DAG genes are not known to operate within SHR networks; however, expression of genes within the DOF clade predicts sites of vascular initiation in Arabidopsis (Gardiner et al., 2010) , and DOF transcripts are enriched in Arabidopsis provascular cells (Gandotra et al., 2013) .
Husk leaves exhibit functional Kranz units with C 4 BS and M cells encircling veins; however, in between these veins, M cells accumulate Rubisco and may operate partial C 3 cycles (Langdale et al., 1988b; Pengelly et al., 2011) . The model described above proposes that maize C 4 BS-and M-cell specification is determined by the accumulation, and possibly level, of ZmSHR1, acting in combination with cell-specific factors including either ZmRVN1 or ZmJAY1. As such, it is proposed that the same networks that operate in foliar Kranz development also operate in husk leaves (Fig. 3B ). This is supported by the observation that Zmshr1, Zmscr1, Zmrvn1, Zmjay1, Zmdlk1, and Zmdlk2 are all expressed in husk primordia, although to a lower level than in foliar primordia. The development of non-C 4 -type M cells that differentiate when not in contact with a BS cell (Langdale et al., 1988b) is proposed to be a consequence of a lack of ZmSHR1 accumulation (Fig. 3B) . It is possible that the proposed C 4 M-cell specification factor ZmJAY1 may still accumulate in non-C 4 M cells, but, as it has been shown that JKD and MGP expression decreases in the absence of SHR in Arabidopsis (Welch et al., 2007) , this is unlikely.
Kranz model: integration of the C 4 pathway
Based on anatomical observations plus transcript and protein accumulation analyses (Li et al., 2010; Majeran et al., 2010; Wang et al., 2013b) , it is clear that the integration of a functional C 4 pathway follows BS-and M-cell specification. As such, the genes identified in Table 2 may function too early in development to regulate the onset of the C 4 pathway. However, the observation that a suite of photosynthetic genes, including the C 4 pathway genes nadp-me and rbcs, were mis-expressed in a maize id1 loss-of-function mutant (Coneva et al., 2007) suggests that id1-like genes may function throughout BS-and M-cell development.
Testable predictions of the model for C 4 development
The assumptions of the model proposed above make several predictions that can be tested experimentally in a variety of ways. First, if the extension of SHR expression into the BS is a key facilitator for C 4 evolution, it should also be observed in other C 4 lineages. RNA sequencing of BS and M cells from the C 4 species Setaria viridis (cells isolated mechanically; C. John, S. Kelly and J. Hibberd, unpublished data) and Cleome gynandra (cells isolated by laser-capture microdissection; S. Aubry, S. Kelly and J. Hibberd, unpublished data) shows that Zmshr1 orthologues are expressed in BS cells in both species. As in maize, the C. gynandra Zmscr1 orthologue is also expressed in both BS and M cells (a missing SCR gene model annotation in the Setaria italica genome means that SCR expression data is not available for S. viridis). Furthermore, Zmjay1, Zmrvn1, and Zmdlk2 orthologues in S. viridis display the same expression gradients as observed in maize (Table 2) . id1-like gene orthology is less clear in Cleome; however, a Zmjay1 co-orthologue also shows enrichment in M cells and a Zmrvn1 co-orthologue in BS cells. The orthologue of Zmdlk1 and Zmdlk2 is similarly enriched in C. gynandra BS cells. The striking similarity of the expression patterns of these genes in such phylogenetically distant C 4 species is compelling evidence for the role of SHR in the repeated independent evolution of Kranz development.
The second prediction of the model is that ectopic expression of key genes in C 3 species will induce elements of Kranz development. For example, ectopic expression of the proposed maize procambial regulators should increase sites of procambial initiation in a C 3 leaf context, while ectopic expression of the proposed cell-specification factors should alter C 3 cell identities. However, in all cases, as these genes are proposed to act in a network, ectopic expression in a C 3 species may require the simultaneous introduction of a cohort of genes to reveal their Kranz potential in a C 3 leaf. Likewise, ectopic expression may need to be restricted to tight spatiotemporal domains in order to reveal an effect, particularly for the proposed cell-specification factors.
Considering the repeated evolution of Kranz, and the convergence of SHR-mediated Kranz patterning in phylogenetically diverse lineages suggested above, the third prediction of the model is that only minor changes in the regulation of SHR/SCR are required for the extension of SHR/SCR expression domains into leaf tissue. If this occurs as a consequence of convergent alterations to cis-regulatory elements, C 4 -type molecular signatures are likely to be revealed by genome-wide phylogenetic studies of SHR and SCR as additional C 4 species are sequenced. Alternatively, C 4 -specific trans-factors may be identified (Brown et al., 2011; Kajala et al., 2012) .
A final prediction of the model is loss-of-function mutant phenotypes. In maize, loss of Zmscr1 function has been shown to produce a variety of perturbations to leaf anatomy but most notably a loss of M cells between veins, supernumerary BS layers, and reduced vein density (Slewinski et al., 2012) . It has been shown that loss of scr function in Arabidopsis leads to the loss of a ground tissue layer in the root (Di Laurenzio et al., 1996) ; therefore, it is possible that the loss of M cells in the Zmscr1 mutant is an equivalent defect. If ZmSHR1 determines BS-and M-cell identity in a dose-dependent manner (Koizumi et al., 2012) as proposed, without sequestration by ZmSCR1 in the Zmscr1 mutant, the additional free ZmSHR1 may promote ectopic BS development. In a similar way, altered SHR and SCR expression patterns may explain the variation in BS-cell-layer numbers observed in the Poales . Considering the importance of vein architecture and BS anatomy to leaf function in a number of different ecological contexts (Griffiths et al., 2013; Sack and Scoffoni, 2013) , elements of the proposed model may have broader significance outside the regulation of C 4 development.
